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Abstract. We study the effects of dimension six effective operators on the production of 
single top quarks at the LHC. The operator set considered includes terms with effective gluon 
interactions and four-fermion terms. Analytic expressions for the several partonic cross sections 
of single top production will be presented, as well as the results of their integration on the parton 
. density functions. 
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' 1 Introduction 

a: 

The top quark [J is the heaviest particle thus far discovered. Its large mass makes it a natural 
laboratory to investigate deviations from Standard Model (SM) physics. Recently [2] we under- 
took a model-independent study of possible new physics effects on the phenomenology of the top 
quark. To this effect we considered a set of dimension six effective operators and analyzed its 
impact on observable quantities related to the top quark, such as its width or the cross section 
for single top quark production at the LHC. This procedure - the use of effective operators of 
dimension larger than four, the complete list of dimension five and six operators obtained in 
reference [3] - has been widely used to study the top particle. In refs. [I] the contributions 
from several dimension five and six operators for top quark physics, both at the Tevatron and 
the LHC, were studied. The Wtb vertex was studied in great detail by the authors of ref. [3]. 
Because many proposals for theories that extend the SM (such as two Higgs doublet models 
or Supersymmetry) have potentially large contributions to flavour changing neutral currents, 
they have been the subject of many detailed studies, such as those found in 0. Recent ex- 
amples concerning single top production in supersymmetric models may be found in [7j. NLO 
and threshold corrections to flavour changing effective operators involving the top quark were 
studied in 8 . A different type of study, using four-fermion operators to tackle the issue of tt 
production, was undertaken in 

In ref. [2] we chose a particular set of dimension six operators and studied its effects on the 
properties of the top quark. Our choice was motivated by the following arguments: it included 
several operators already studied by other authors, albeit not in conjunction; those operators 
model possible effects arising from several different interesting extensions of the SM; they had 
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little or no impact on phenomena occurring at energy scales inferior to the LHC's; and finally, 
the operators chosen involved flavour changing strong interactions with a single top quark and 
a gluon. Our philosophy in [2] was also somewhat different from that of most previous works in 
this field, in that we presented, whenever possible, analytical expressions. Our aim was, and is, 
to provide our experimental colleagues with formulae they can use directly in their Monte Carlo 
simulations. 

In [21 we studied the simplest physical consequences of the operator set we chose: its con- 
tributions to the top's width; the possibility of direct top production at the LHC; their effects 
on the production of a single top at the LHC via interference with the SM processes. In this 
work we will apply these same operators to more complicated processes of single top production, 
namely via partonic channels such as gg — ► tc, gu — ► gt, qq — ► tu and others. We will also 
expand our operator set, considering three different types of four-fermion operators, which have 
great relevance for eight different processes of single top production. Their interference with the 
gluonic operators will also be studied. 

This paper is structured as follows: in section [2] we will review the effective operator formal- 
ism, the criteria behind our choice of operators in ref. [2] and the results therein obtained. We 
will also introduce the new four-fermion operators and explain the logic behind their choice, and 
how their presence is demanded by the very equations of motion. In section 01 we present the 
calculations of the partonic cross sections for the processes gg — > tu and gu — * gt, as well as, 
after integration in the partonic density functions (pdf's), their expected values at the LHC. In 
section @] we will compute partonic cross sections of the form qq' — ► tq" , where the four-fermion 
operators are now of crucial importance. Finally, in sectional we will make a general discussion 
of the results obtained and draw some conclusions. 



2 Effective operators and the top quark 

The effective operator approach is based on the assumption that, at a given energy scale A, 
physics effects beyond those predicted by the SM make themselves manifest. We describe this 
by assuming the lagrangean 

c = c s » + ±c<a + ±cM + o(j^ , (i) 

where C SM is the SM la grangean and and are all of the dimension 5 and 6 operators 
which, like £, SM , are invariant under the gauge symmetries of the SM. The terms break 
baryon and lepton number conservation, and are thus not usually considered. This leaves us with 
the £( 6 ) operators, some of which, after spontaneous symmetry breaking, generate dimension 
five terms. The list of dimension six operators is quite vast pjj, therefore some sensible criteria of 
selection are needed. Underlying all our work is the desire to study a new possible type of physics, 
flavour changing strong interactions. The first criterion is to choose those operators that 
have no sizeable impact on low energy physics (below the TeV scale, say). Another criterion was 
to only consider operators with a single top quark, since we will limit our studies to processes of 
single top production. Finally, we will restrict ourselves to operators with gluons, or four-fermion 
ones. No effective operators with electroweak gauge bosons will be considered. 

The gluon operators that survive these criteria are but two, which, in the notation of ref. [H], 
are written as 

O uG = i^r (u i R \ a -fD''v> R ) G% 



n 



O uG4> = |f (gLA^ujj) . (2) 

and are spinors (a left quark doublet and up-quark right singlet of SU(2), respectively), 
(f) is the charge conjugate of the Higgs doublet and G a ^ u is the gluon tensor, a^- and /3jj are 
complex dimensionless couplings, the being flavour indices. According to our criteria, one 
of these indices must belong to the third generation. After spontaneous symmetry breaking the 
neutral component of the field (j> acquires a vev (0o — * 00 + v, with v = 246/ y/2 GeV) and 
the second of these operators generates a dimension five term. The lagrangean for new physics 
thus becomes 

C = OttuOtu + OLutOut + PtuOtucf, + PutOutj, + h.c. 

= ^ (t R X a rD u u R ) + a ut (u R \ a ^D»t R )\ G% + 

■^lPtu(h\ a cT^u R ) + (3 u t (u L X a a^t R )]G% + h.c. . (3) 

This lagrangean describes new vertices of the form giu (gtu) and g giu (g gtu). We will also 
consider an analogous lagrangean (with new couplings a^ c , /3 C £, . . . ) for vertices of the form gic 
(gtc) and ggtc (ggtc). Notice how the operators with (3 couplings correspond to a chromo- 
magnetic momentum for the t quark. Several extensions of the SM, such as supersymmetry and 
two Higgs doublet models, may generate contributions to this type of operator ^U|. The Feyn- 
man rules for these anomalous vertices are shown in figure with quark momenta following 
the arrows and incoming gluon momenta. The double gluon vertex was not considered in ref. [2] 
because it was not necessary there but, as we shall shortly see, it is of vital importance for this 
paper. 

In ref. |2| we calculated the effect of these operators on the width of the quark top. They 
allow for the decay t — > ug (t — ► eg) (which is also possible in the SM, albeit at higher orders), 
and the corresponding width is given by 

r(t^ug)= I £Ljm2 \a ut + a* tu \ 2 + 16v 2 (|/3 iu | 2 + | 2 ) + 

8vm t lm {(a ut + a* tu ) f3 tu \ j (4) 

and an analogous expression for T(t — ► eg). In this expression, and throughout the entire paper, 
we will consider all quark masses, except the top's, equal to zero; the imprecision introduced 
by this approximation is extremely small, as we verified having performed the full calculations. 
Direct top production is also possible with these new vertices (meaning, the production of a top 
quark from partonic reactions such as gu — ► t or gc — > t), and the corresponding cross section 
at the LHC is given by 

°(VV -> t) = V T(t -» qg)^2 I Jj m /g( J i) fq( m t/( E CM x i)) dx l ■ ( 5 ) 

In this expression Eqm is the proton-proton center-of-mass energy (14 TeV at the LHC) and f g 
and f q are the parton density functions of the gluon and quark, respectively. It is not surprising 
that this cross section is proportional to the partial widths T(t — ► q g) - after all, the amplitudes 
for the decay t — > u g or for direct top production via the channel ug — > t are closely related by 
a time inversion transformation. Numerical results for these quantities were obtained in ref. [2], 
where we also derived bounds on the values of the {a , f3} couplings. 
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Figure 1: Feynman rules for anomalous gluon vertices. 

Notice how both the top width © and the cross section (J5J) depend on A -4 . There are pro- 
cesses with a A -2 dependence, namely the interference terms between the anomalous operators 
and the SM diagrams of single top quark production, via the exchange of a W gauge boson - 
processes like ud — ► td. They were studied in ref. [2| in detail, and we discovered that, due to 
a strong CKM suppression, the contributions from the anomalous vertices are extremely small. 
We will come back to this point later. 

Now, the operators that compose the lagrangean (|3J) are not, in fact, completely independent. 
If one performs integrations by parts and uses the fermionic equations of motion [31 , one 
obtains the following relations between them: 

ol = o tu - l ( rt0^ + r M o^) 

0[ t = O tu - i g s i 7m 1R \ a u ^ 7R A a n i + <? 7^ 7R K d l ) , (6) 

i 

where T u are the Yukawa couplings of the up quark and g s the strong coupling constant. In the 
second of these equations we see the appearance of four-fermion terms, indicating that they have 
to be taken into account in these studies. Equations (jHJ) then tell us that there are two relations 
between the several operators, which means that we are allowed to set two of the couplings to 
zero. 

A careful analysis of the operators listed in 3. leads us to consider three types of four-fermion 
operators: 
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• Type 1, 

U1 = 9 -^(i\ a ^ lR u) (q\ a w R q) + h.c. , (7) 
where q is any given quark, other than the top; 

• Type 2, 

U2 = ^[(*A a 7 L«0 K^T*") + (t\ a lL d!) (d"X a lR u)] + h.c. , (8) 
with down and up quarks from several possible generations, excluding the top once more; 

• Type 3, 

U3 = x 9 -^L[(i\ a lR u) {bX a lR d') - (i\ a lR d!) (bX a lR u)] + h.c. , (9) 
and also, 

9 -^k[{i\ a lL u) {d'X a lL d") - (iX a lL d) {d'\ a lL u")] + h.c. . (10) 

The 7„'s are complex couplings. We of course consider identical operators for the case of flavour 
changing interactions with the c quark. In the notation of ref. [3] these operators correspond, 
respectively, to RRRR, LRRL and LR( H), in the octet configuration. We could have also 
considered the singlet operators but, since their spinorial structure is identical to these (lacking 
only the Gell-Mann matrices) we opted to leave them out. The presence of the A a in these 
operators also signals their origin within the strong interaction sector, in line with our aim of 
studying strong flavour changing effects. For this reason, and for an easier comparison between 
the effects of the several operators, we included, in the definitions of the four-fermion terms 
above, an overall factor of g s . The relative signs and disposition of quark spinors in the operators 
of types 2 and 3 are a reflex of their particular structure, emerging as they do from combinations 
of SU(2) singlets and doublets. In eq. © we included a multiplicative factor of u x"; as can be 
seen from that equation, the four-fermion operator in question concerns only the bottom quark - 
unlike the operator in eq. ()1U|) . for which the flavour of the down-type quarks was left free. This 
means that for processes involving the bottom quark there will be more contributions to the 
amplitude than for non-bottom quarks. We will reflect this in our results by expressing them in 
terms of x - the reader will then know that if that particular cross section contribution involves 
a bottom quark one must set x = 1, if not, then x = 0. 

We emphasize that many possible operators with a single top quark were left out, due to 
another of our criteria, that low energy physics be not affected. For instance, we could have 
considered a type 2 operator of the form (Ql X a u R ) (u R X a Q' L ), where Ql is the quark doublet 
of the third generation, Ql = (ti , b^) and Q' L is a quark doublet of another generation. This 
would produce two terms in the lagrangean, namely 

(i\ a lR u) (u\ a lL u') + {b\ a lR u) {u\ a lR d') , (11) 

and the second term in this expression has no bearing on top physics. It would only impact 
bottom physics, for instance, and thus its effects are already immensely constrained by the 
existing data. Finally, the reader will notice that we considered the same constants 71, 72 and 
73 regardless of the flavour structure of the four-fermion operators. Having distinguished earlier 
on between Oct and Ot c , for instance, with the couplings a c t and at c , we should do the same 
here for consistency. However, that would introduce an enormous number of unconstrained 
parameters in the calculations, which would constitute a needless complication. We chose this 
simpler approach. 



3 Cross sections for gg — > tu and gu — > gt 

In ref. [2] we considered the contributions from the anomalous gluon operators to the simpler 
processes of single top production. We now present the results for more elaborate reactions, 
such as gg — > tu. There are six Feynman diagrams contributing to this partonic cross section, 
shown in fig. (J2J). With the Feynman rules shown in fig. Q it is a simple, if laborious, task to 
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Figure 2: Feynman diagrams for the two-gluon channel. 

calculate the cross section cr(gg —* tu). However, one important calculational detail warrants 
a special mention, given how seldom it is mentioned in the literature. For any process involving 
a single gluon with polarization e^'*(fc), the calculation of the squared amplitude will involve the 
sum of the gluon polarizations, Yli e M*(^) e *t'*(^)- The use of the "Feynman trick" from QED is 
allowed and one may replace this sum by — 8 g^v- However, for any process involving two or 
more gluons, this is no longer possible. Instead, one must use the more complex expression |12j 



spins 



%v + - \V\uV2 v + Pl u P2, 



where p± and p2 are the 4- momenta of the incoming particles (even if they are not gluons) . The 
reason for this more complicated structure is the non-abelian nature of the theory. The extra 
terms in eq. (|12|) arise from the need to introduce Fadeev-Popov ghosts in the quantification of 
QCD. Failure to use the full structure of eq. (|12|) will result on a break of unitarity and negative 
cross sections. 



For this process, then, the full calculation yields 
da(gg^tu) g 2 s 
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(14) 



Remarkably, as in the case of the cross section for direct top production, this result is propor- 
tional to the width T(t — > ug). 

For the process gu — > gt the procedure is very similar. We also have six diagrams, shown 
in fig. (J3J). The cross section for this process is clearly related to that of the previous one by 
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Figure 3: Feynman diagrams for the gluon-quark channel, 
crossing. We obtain 



do(gu -> gt) 
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dt 
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where now we have 



F gu = 16s 8 + s 7 (24K + 72u) +4s 6 (305i 2 + 222t u + 34 u 2 ) 
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(16) 



and once again we obtain a result proportional to T(t — * ug). For the processes gg — > ic 
and gc — > gt we obtain expressions analogous to (|TH|) and (|TK|) . with T(t — ► ug) replaced by 
r(t - eg). 

If we assume that the branching ratio BR(t — > bW) is approximately 100% and use T(t — ► 
6W) = 1.42 |l/ tb | 2 GeV (a value which includes QCD corrections) 0EE3], we may express the 
partial widths of eqs. ()13|) and Q15|) as T(t qg) = 1-42 |Vi&| 2 BR(t — > qg). In terms of these 
branching ratios, and using the CTEQ6M structure functions 14 1 to perform the integration 
in the pdf's, we obtain, for the total cross sections, the following results (expressed in picobarn): 



a(pp 



99 



[0.5BR(t ug) + 0.5BR(t -> eg)] \V tb \ 2 10 4 



We used a factorization scale equal to the mass of the quark top, that being the characteristic scale of these 
reactions. This choice of /j,p produces smaller cross section values than, saying, choosing it equal to the partonic 
center-of-mass energy |15|. 



Cut in p T (GeV) 1 5 10 15 20 



gu -> gt 33.4 29.3 12.0 8.2 6.4 
gg -» ut 1.0 0.7 0.6 0.5 0.4 



Table 1: Coefficients of BR{t — > ug) (in picobarn) in equations ()17|) for several values of the 
PT cut. 
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(17) 



These are to be compared with the results obtained in [2] for the direct top cross section, 

a(pp gq ->t)= [10.5 BR(t ug) + 1.6 BR(t -► eg)] |F tb | 2 10 4 

a(pp -» gq -> t) = [2.7 BR(t ug) + 1.6BR(t -> c</)] |T4 6 | 2 10 4 . (18) 

The larger values of the coefficients affecting the up-quark branching ratios in eqs. (|17j) and (|18j) 
derive from the fact that the pdf for that quark is larger than the charm's. The numerical 
integration has an error of less than one percent. Except for the direct top channel, all of these 
cross sections (as well as the four-fermion results we will soon present) are integrated with a 
cut on the transverse momentum (pt) of the light parton in the final state of 15 GeV. This is 
to remove the collinear and soft singularities in the gluon-quark subprocesses to render finite 
partonic cross sections, for a finite px cut eliminates both of those divergences in two-to-two 
scattering processes. In a realistic analysis including backgrounds, a higher pr cut might well 
be needed, to suppress background rates in order to observe the signal events. That study, 
however, is beyond the scope of this work. Observe how the direct channel cross section is larger 
than the others. Notice, however, that due to the kinematics of that channel, no pt cut was 
applied. When imposing such a cut on the decay products of the top quark produced in the 
direct channel, the corresponding cross section will certainly be reduced. 

We expect that a cut in pr should reduce the cross section for the gluon-quark channel in 
a more severe way than the gluon-gluon one. This is due to the fact that the px cut eliminates 
most of the soft gluons in the gluon-top final state, thus placing us further away from a region 
where the cross section would be larger due to infrared divergencies. In table 1 we show the value 
of the coefficient multiplying the branching ration BR{t — > ug) va. equations (|17|). for the gluon- 
gluon and gluon-quark channels, for several values of the pt cut. As expected, the reduction 
of the gluon-quark cross section is much more severe than that of the gluon-gluon channel. 
Nevertheless, a somewhat surprising feature of these results is the larger values obtained for the 
channels gq — > gt, compared to the double gluon channel, gg — > qt. This runs contrary to 
the conventional wisdom that the gluon-gluon channel ought to be the most important at the 
LHC, and stems from the fact that at the large energy scales expected at the LHC the quark 
content of the proton becomes larger. It also derives from a different factor on the average of 
the initial colours: the double gluon channel requires a colour average factor of 1/64, whereas 
the gluon-quark channel corresponds to a larger factor of 1/24. 

It is quite remarkable that these cross sections are all proportional to the branching ratios 
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Table 2: List of single top production channels through quark-quark scattering. 



for rare decays of the top. These are possible even within the SM, at higher orders. For instance, 
one expects the SM value of BR(t — ► eg) to be of about 10 -12 |10|ll6j. BR(t — » ug) two orders 
of magnitude smaller. What this means is that, if whatever new physics lies beyond the SM 
has no sizeable impact on the flavour changing decays of the top quark, so that its branching 
ratios are not substantially different from their SM values, then one does not expect any excess 
of single top production at the LHC through these channels. On the other hand, if an excess 
of single top production is observed, even a small one, the expressions (fTT)) and (fTH)) tell us 
that BR(t — > eg) and BR(t — ► ug) will have to be very different from their SM values. In 
fact, in models with two Higgs doublets or super symmetry, one expects the branching ratios 
BR(t — * eg) and BR(t — * ug) to increase immensely |10( 116) . in some models becoming as 
large as ~ 10 -4 . If that is the case, eqs. (|17|l and Q18|) predict a significant increase in the cross 
section for single top production at the LHC. This cross section is therefore a very sensitive 
observable to probe for new physics. 

4 Four-fermion channels 

Other possible processes of single top production involve quark-quark (or quark-antiquark) scat- 
tering. There are in fact eight such possible reactions, which we list in table 2. Notice that in 
this table we included only processes where there is a "single" flavour violation - in other words, 
though processes like sd —* tu are a priori possible from the four-fermion operators we consid- 
ered, we will not study them here. In fact, this is consistent with our choice of gluonic operators, 
as such processes are not possible with the vertices in fig. Q. The resulting cross sections now 
have contributions from both the gluonic operators © and from the four fermion operators 
described earlier. The Feynman diagrams for the process uu — > tu are shown in figure (|4"|). 
but in what concerns the four-fermion contributions, there is a subtlety that must be men- 
tioned: depending on the process considered, each four-fermion operator may contribute twice 
to the squared amplitude. For instance, for the process just mentioned, there is an operator of 
Type 1 that surely contributes: j ui (t X a 7^ jru) (u X a 7^ 7^ u). When deducing the Feynman 

n 




Figure 4: Feynman diagrams for qq — > qt. The four-fermion graph can generate both "i- 
channel" and "u-channel" contributions. 

rule corresponding to this term, we conclude that it gives us a "t-channel" (when the first u 
spinor in the operator corresponds to the first incoming momentum) and a "u-channel" (when 
the first incoming momentum is attributed to the second u spinor), both contributions to the 
amplitude differing by a minus sign. In fig. (J2J) we represent only one four-fermion graph for 
simplicity. Notice that for the process u c — > t c the u-channels we just considered (both from 
four-fermion operators and gluonic ones) are not present. When antiquarks are present, such as 




Figure 5: Feynman diagrams for qq — ► qt. The four-fermion graph can generate s, t and u 
channel contributions. 

in the process uu — ► tu, gluonic s-channels are also present, as we see in fig. Again, the 
four-fermion operators may have several distinct contributions to the amplitudes, namely an s 
channel and a t one. One way of thinking of these different amplitude contributions is reading 
the four-fermion operators in terms of interacting currents. Depending on the positioning of the 
fermion spinors within the operator, we will obtain different currents. For instance, if we number 
the u spinors in the process just mentioned such that u\U2 — > tu% and look at, for instance, 
the type 1 four-fermion operators, we see that there are two possibilities for the disposition of 




Figure 6: Interpretation of the four-fermion terms contributing to the process U\ u 2 — > t u% in 
terms of currents; notice the analog of a t-channel and an s one. 

the u spinors, namely (iX a ^^rui) (u 2 A" 7 M 7^ u 3 ) and (tX a j^j R u 3 ) (u 2 A a 7^ j R u\ ) , corre- 
sponding, in terms of "currents", to the left and right diagrams of figure (JBJ), respectively - a 
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t-channel and an s-channel. A careful inspection of the Feynman rules obtained from each of 
these two terms would lead to the conclusion there is a relative minus sign between both of their 
contributions. 

The expressions we obtain are very elaborate, as there are many interference terms between 
the several operators. Let us first consider the terms of the squared amplitude that are only 
proportional to the gluonic couplings. For process (1) in table 2 the expression we obtain is 

\T {1) \lp = -^f^{ F i M 2 + F 2 \a tc \ 2 + 16v 2 F 3 (\f3 ct \ 2 + |/3 tc | 2 ) + 2 F 4 Re(a ct a tc ) 

+ I6m t v [F 5 Im(a ct p tc ) - F 6 Im(a tc Ptc)) } ^ (19) 

where we have 

Fx = 3mft-6mft 2 + 6m 2 t 3 + 3m^ u + 12mf tu + 5mf t 2 u - lit 3 u 

- 6 m\ u 2 + 5 m\ t u 2 - 16 1 2 u 2 + 6 m 2 u 3 - 11 1 u 3 

F 2 = 3m^-6m^ 2 + 6m^ 3 +3m^ u - 20mf tu + 25m 2 t 2 u - lit 3 u 

- 6mfu 2 + 25m 2 tu 2 - 16t 2 u 2 + 6m 2 u 3 - lltu 3 

F 3 = 3mjt-6m 2 t 2 + 6t 3 + 3mfu-4:m 2 tu + 4:t 2 u-6m 2 u 2 +4tu 2 + 6u 3 
F 4 = 3m^t-6mft 2 + 6m 2 t 3 + 3mf u - imf tu-7m 2 t 2 u+ llt 3 u 

- 6 mf u 2 - 7 m\t u 2 + 16 1 2 u 2 + 6 m 2 u 3 + 11 1 u 3 

F 5 = 3 m\ t - 6 m 2 t 2 + 6 1 3 + 3 mf u + 4 m 2 t u - t 2 u - 6 m\ u 2 - t u 2 + 6 u 3 

F e = 3 (t + u) (mi- 2m 2 t t + 2t 2 -2m 2 t u + tu + 2u 2 ) . (20) 

The expressions we would obtain for process (3) may be obtained from those of process (1), with 
the Mandelstam variable replacements t — ► s and u — ► t. For process (2) the expressions are a 
lot simpler: 

\T {2) \lf3 =~ ^y t (s + u){Atm 2 t +s 2 + u 2 ) \a ct \ 2 + l( s + u )( s ^ +u 2 ) \a tc \ 2 

+ [(s + u)m 2 -2su] (\f3 ct \ 2 + \f3 tc \ 2 ) + ^ (t + m 2 ) (s 2 + u 2 ) Re(a ct a tc ) 

+ 16mtt; ^4 _ t 2_ 2su) hjl{act p tc) _ ( s 2 + u 2) i m ( atc/5tc )] | -1 . (21) 

Processes {(5) , (7) , (8)} have identical expressions to these for process (2); processes {(4) , (6)} 
have expressions very similar to those of eq. (|21[) . with the substitution t «-> s. 

In table 3, we present the squared amplitude terms involving only the four-fermion couplings. 
As is obvious from the definitions of the Type 3 operators (eqs. Q and (|10|1 ) they always mix 
down and up quarks, thus they have no contribution whatsoever to the processes that involve 
only up quarks (processes (1) to (5)). Also, due to the chiral structure of the several four-fermion 
operators, there are no interference terms between them. 

To complete the expressions for the squared amplitudes we lack only the interference terms 
between the gluonic operators and the four-fermion ones. We present the results for the squared 
amplitudes in tables 4 and 5. Notice the absence of any terms proportional to f3 c t or ^y U3 , a 
consequence of the particular left-right structures associated with those couplings. The equa- 
tions (|19|) and (|21|) , and the expressions presented in tables 3-5 refer to the squared amplitudes 
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Table 3: Coefficients of the four-fermion couplings in the squared amplitudes for single top quark 
production. Notice the dependence on 1 + x 2 on the 7 M3 terms, explained earlier. 



of the several quark-quark processes. Gathering the several multiplicative factors, the differential 
cross section is given by 

^ - _^|T| 2 (22) 
dt ~ 144 s 2 1 1 ' [ ' 

with |T| 2 the total squared amplitude for each process and where we have included a factor 
of 1/4 (average on initial spins) and 1/9 (average on initial colours). The overall factor of a s 
derives from the fact that all squared amplitudes are proportional to g 2 . 



5 Results for the integrated cross sections 



We can now gather all the results obtained in this paper and in ref. [2] for the cross sections of 
single top production. In terms of the couplings, the direct channel, eq. (|T%|) . gives us 

<?gu^t = 1 321 \a ut + a* tu \ 2 + 5080 {\j3 t u\ 2 + |/?«t| 2 ) + 25561m [(a ut + a* tu ) -p pb , 

(23) 

for the partonic channel gu — > t. For the gluon-gluon and gluon-quark channels, we have, from 
eqs. (H2J, 

<r gg -+ta = {l4 \a ut + a* tu \ 2 + 221 (\/3 tu \ 2 + |/? Mi | 2 ) + 1111m [{a ut + a* tu ) /%«]} pb 

<Tgu-+ g t= { 250 \a ut + a* tu \ 2 + 3952 (|A„| 2 + \Put\ 2 ) + 19881m [(a ut + a* tu ) f3 tu }} ^ pb . 

(24) 
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Table 4: Interference terms between gluonic and Type 1 four-fermion operators for single top 
production processes. 



Finally, the four-fermion processes can all be gathered (after integration on the parton density 
functions, as before) in a single expression, 



(«) 

AF 



171 \a ut \ 2 + 179 \a tu \ 2 - 176 Rc(a ut a tu ) + 331 Im(a ut 0tu) ~ 362Im(o; tu /3 t * u ) 
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(25) 



For the channels proceeding through the charm quark, we have analogous expressions, with 
different numeric values in most cases due to different parton content inside the proton. We find 
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a gg ^tc= {l4 \a ct + a* tc \ 2 + 221 (|/? tc | 2 + |/3 ct | 2 ) + 111 Im [(a ct + a* tc ) (i tc \} ^ pb 
7gc^ 9 t= {25 \a ct + a* tc \ 2 + 395 (\[3 tc \ 2 + |/3 ct | 2 ) + 1991m [(a ct + a* c ) /3 tc ]} ^ pb 
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Table 5: Interference terms between gluonic and Type 2 four-fermion operators for single top 
production processes. 



+ 107 (\Ptc\ 2 + \Pct\ 2 ) + 41Re(a ct7ci ) - 41Re(a tc7c *) + 0.2Im(/3 te7 * 



3Re(a ct 7 C2 ) + 3Re(a ic 7* ) - 0.5Im(/? te 7* 



+ 95 | 7ci | 2 + 24 | 7c2 | 2 + 27 | 7c3 | 2 



1 

A 4 



pb 



(26) 



Within the four-fermion cross sections, eqs. (|25jl and (|2fi|). are the results for production of a 
bottom quark alongside the top, through the processes ub — > 1 6 and ub ^ tb (and analogous 
processes for the c quark). They are given by 
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A 4 



pb 



(28) 



where the interference terms between the {a , /?} and the 7 were left out because they were too 
small when compared with the remaining terms. 

Finally, by changing the pdf integrations and using the second vertex in figure (jT]). we can 
also obtain the cross sections for anti-top production. We obtain 
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and also 
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(30) 



For completeness, the cross sections for production of an anti-top alongside with a bottom quark 
are (leaving out terms which are too small compared with the others) 
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(31) 



We have thus far presented the complete expressions for the cross sections but, as was 
discussed earlier and is made manifest by equation ©, some of the operators we consid- 
ered are not independent. In fact, eq. (jHJ) implies that we can choose two of the couplings 
{a u t , atu , Put , fttu , 7«i} to be equal to zero. Notice that 7 U2 and j U3 are not included in this 
choice, as the respective operators do not enter into equations ©• A similar conclusion may be 
drawn, of course, about the couplings {a c t , aj c , j3 c t , (3tc , 7ci}- We choose to set fttu and j Ul to 
zero, as this choice eliminates many of the interference terms of the cross sections. Summing all 
of the different contributions, we obtain, for the single top production cross section, the following 
results: 
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For anti-top production, 
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(32) 



(33) 



As mentioned earlier, there are also interference terms between our gluonic operators and 
the electroweak processes of single top production in the SM. These depend on A -2 but are very 
small, namely 

int 



0.81 



0.27- 



pb. 



(34) 



singlet ^2 1 ~ J '"' y^ 2 

Given the different A dependence on these interference terms and our results for the cross 
sections ()32(l . it is worth asking what is the domain of values of A for which the A -4 terms 
are superior to those of eq. (|34jl . To obtain a reasonable estimate, we consider only the terms 
proportional to \(3\ 2 in the cross sections (132[) and (|34|). We further simplify the estimation by 
taking f3 ut = (3 c t I n figure ® we plot the value of the cross sections (|32|) and (|3"I|) 

versus A/ v/[/3ct[. We see that they only cross for very large values of this variable, of about 70 
TeV. For scales of new physics inferior to, say, ~ 30 TeV, the cross sections presented in this 
paper are almost exactly the full contributions from the set of effective operators we chose to 
single top production. 

There is an extensive literature on the subject of single top production ^7]. For the LHC, the 
SM prediction is usually considered to be 319.7 ± 19.3 pb [Ej. Considering the large numbers 
we are obtaining in the expressions above - specially the coefficients of the (3 couplings, though 
the others are not in any way negligible - we can see that even a small deviation from the 
SM framework will produce a potentially large effect in this cross section. It is indeed a good 
observable to test new physics, as it seems so sensible to its presence. Alternatively, if the cross 
section for single top production at the LHC is measured in the years to come and is found to 
be in complete agreement with the SM predicted value, then we will be able to set extremely 
stringent bounds on the couplings {a , f3 , 7} - on new physics in general - precisely for the same 
reasons. 




Figure 7: Interference cross section (solid line) and total cross section, from eq. (|32jl (dashed 
line), versus K/ yj\f3ct\- Notice that the two curves only cross for very large values of the new 
physics energy scale. 



In conclusion, we have calculated the contributions from a large set of dimension six operators 
to cross sections of several processes of single top production at the LHC. All cross sections 
involving gluons in the initial or final states are proportional to branching ratios of rare top quark 
decays. This makes these processes extremely sensitive to new physics, since those branching 
ratios may vary by as much as eight orders of magnitude in the SM and extended models. 
The four-fermion operators we chose break this proportionality so that, even if the branching 
ratios of the top quark conform to those of the SM, we may still have an excess of single top 
production at the LHC, stemming from those same operators. One of the advantages of working 
in a fully gauge-invariant manner is the possibility of using the equations of motion to introduce 
relations between the operators and thus reduce the number of independent parameters. One 
possible further simplification, if one so wishes, would be to consider each generation's couplings 
related by the SM CKM matrix elements, so that, for instance, at u = cttc\Vub/Vcb\- This 
should constitute a reasonable estimate of the difference in magnitude between each generations' 
couplings. Finally, in this paper we presented both the total anomalous cross sections for single 
top production and those of the individual processes that contribute to it. If there is any 
experimental method - through kinematical cuts or jet analysis - to distinguish between each of 
the possible partonic channels (direct top production; gluon-quark fusion; gluon-gluon fusion; 
quark-quark scattering) , the several expressions we presented here will allow a direct comparison 
between theory and experiment. At this point a thorough detector simulation of these processes 
is needed to establish under which conditions, if any, they might be observed at the LHC, and 
what precision one might expect to obtain on bounds on the couplings {a , (3 , 7}. 
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